Cigarette smoking is one of the main risk factors for development of chronic obstructive pulmonary disease (COPD). We previously reported that cigarette smoke (CS) induces damage to proteins and their ineffective degradation. Here, we hypothesize that CS could induce oxidative stress and cytotoxicity in lung epithelial cells through alterations of heat shock protein (HSP) expression and mitogen-activated protein kinase (MAPK) signalling pathways. We exposed A549 alveolar epithelial cells to various concentrations of cigarette smoke extract (CSE). Higher concentrations of CSE caused apoptosis of A549 cells after 4 h, while after 24 h cell viability was decreased, and lactate dehydrogenase in cell culture medium was increased as well as the number of necrotic cells. Concentrations of malondialdehyde (MDA) were elevated, while total thiol groups were decreased. Changes in the expression of HSPs (HSP70, HSP32 and HSP27) were time-dependent. After 6 h, CSE caused an increase in the expression of HSP70 and HSP32, while after 8 h all examined HSPs were up-regulated and remained increased up to 48 h. Treatment of A549 cells with CSE stimulated phosphorylation of extracellular signal-regulated kinase and p38 in a dose-dependent manner, while c-Jun N-terminal kinase activation was not detected.
Apoptosis in the lung tissue may result from chronic exposure to cigarette smoke (CS) (Demedts et al., 2006; Tuder, 2006) . Cigarette smoking is known to be associated with increased oxidative stress (MacNee, 2005b; Rahman & Adcock, 2006) . We previously reported that CS provokes accumulation of damaged proteins and their ineffective degradation due to the inhibition of the proteasome (Somborac-Bačura et al., 2013) . One of the cellular responses to stress and accumulation of damaged proteins is stimulation of the chaperone proteins that help to increase the survival ability of the cells (Srivastava, 2008) . Heat shock proteins (HSPs) are important chaperone proteins and their function is essential for maintaining normal cell viability (Sankhala, Mita, Mita, & Takimoto, 2011) . HSP70
is the most conserved member of the HSP family (Dong et al., 2013) , and its main functions are assisting in protein folding in the presence of ATP or targeting misfolded proteins for degradation (Sharp, Zhan, & Liu, 2013) . In the absence of ATP, HSP27 binds misfolded proteins preventing them from forming aggregates and improving cell survival.
HSP32, commonly known as haem oxygenase (HO-1), metabolizes haem to biliverdin, free iron and carbon monoxide. Biliverdin is then metabolized to bilirubin, which is a potent antioxidant (Sharp et al., 2013) . HO-1 is an inducible enzyme that can be induced by a variety of stimuli, including reactive oxygen species (Maestrelli et al., 2003) .
In addition, redox sensing roles for HSP27 and HSP70 are recognised (Arrigo, 2007; El Golli-Bennour & Bacha, 2011) . Therefore, we assume that HSPs could have an important role in protecting lung cells against damaging influence of environmental oxidants, such as CS.
Numerous harmful components of the CS, especially oxidants, can also activate specific intracellular signalling pathways, including the signalling cascade leading to activation of mitogen-activated protein kinases (MAPKs) (MacNee, 2005b; Rahman & Adcock, 2006; Roux & Blenis, 2004 ). There are three major groups of MAPKs: extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and p38 kinases. A common feature for activation of all MAPKs is dual phosphorylation on threonine and tyrosine by specific upstream kinases. MAPKs mediate a variety of biological events, such as gene expression, proliferation, differentiation and apoptosis. They can be activated by numerous different stimuli, including environmental factors (oxidants, hyperosmolarity, heat shock, UV irradiation) and endogenous signals (mitogenic stimuli, proinflammatory cytokines).
In general, ERKs are preferentially activated by growth factors and are associated with cell survival, proliferation and differentiation, while JNKs and p38 kinases play a role in the response to stress stimuli and induce apoptosis and inflammation. A number of studies have identified important roles for MAPKs in lung cell biology, including inflammation, apoptosis, cytokine production and tissue injury (Adcock, Chung, Caramori, & Ito, 2006; Mercer & Armiento, 2006; Roux & Blenis, 2004 ).
In our previous work, we showed that CS induces damage to proteins and their ineffective degradation (Somborac-Bačura et al., 2013) . In this study, we hypothesized that CS could induce oxidative stress and cell death through HSP-and/or MAPK-associated mechanisms. Therefore, the aim of this study was to examine the effect of CS on the expression of HSPs and activation of MAPKs, using an in vitro cell culture model.
New Findings

• What is the central question of this study?
What is the effect of cigarette smoke on cell death, oxidative damage, expression of heat shock proteins (HSPs) and activation of mitogen-activated protein kinases (MAPKs) in A549 alveolar epithelial cells?
• What is the main finding and its importance?
Cigarette smoke induces cytotoxicity and oxidative damage to A549 cells, increases expression of different HSPs and activates MAPK signalling pathways. This could be related to inflammatory response and apoptosis observed in lungs of patients with smoking-related diseases. 
METHODS
Cell culture
Preparation of cigarette smoke extract
Cigarette smoke extract (CSE) was freshly prepared on the day of performing the experiments. Reference Cigarettes 3R4F were purchased from the Kentucky Tobacco Research & Development Center (University of Kentucky Lexington, KY, USA). Just before the preparation of CSE, cigarette filters were cut off and the smoke from two cigarettes was bubbled through 25 ml of serum-free cell culture medium with the use of a vacuum pump. The resulting 100% CSE was standardized by a previously described method (Somborac-Bačura, Popović-Grle, Zovko, & Žanić-Grubišić, 2018) . Briefly, we measured the absorbance of 100%, 20%, 10%, 5%, 2.5% and 1.25% CSE at 320 nm using the UV/VIS spectrophotometer (Cecil Aquarius CE 7200, Cecil Instruments Ltd, Cambridge, UK). CSE was applied to A549 cells at afore mentioned concentrations within 30 min of preparation.
MTT assay
Cell viability was estimated by measuring metabolic activity of cells with a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay (Cole, 1986) . Cells were grown in 96-well plates and treated with CSE during 24 h. As a positive control for reduced viability, cells were treated with 20 M camptothecin (Sigma-Aldrich) dissolved in DMSO so that the final concentration of DMSO was 0.1%. After the treatment, medium above the cells was removed and 100 l of MTT reagent diluted in serum-free medium (0.5 mg ml −1 ) was added to each well. After 3.5 h incubation, the medium with MTT reagent was replaced with 200 l of DMSO to dissolve formazan crystals generated in live cells, and the plate was incubated at 600 rpm on a rotary shaker for 15 min. The absorbance was measured on a microplate reader (VICTOR 3 1420 Multilabel Counter 1420, Wallac, Perkin Elmer, Waltham, MA, USA) at a wavelenght of 595 nm. The test was performed in six replicates and results are expressed as a percentage of control cells.
Lactate dehydrogenase assay
Cytotoxicity of CSE towards A549 cells was examined by measuring the catalytic activity of lactate dehydrogenase (LDH) released into the medium. Cells were seeded on 12-well plates and treated with CSE during 24 h (in triplicate). As a positive control, cells were treated with 30 M camptothecin (Sigma-Aldrich) dissolved in DMSO so that the final concentration of DMSO was 0.1%. After the incubation, cell culture media were centrifuged at 1000 g for 5 min at 4 • C. LDH activity was immediately determined in the resulting supernatants using the spectrophotometric method (LDH reagent, Herbos Dijagnostika, Sisak, Croatia) in a biochemical analyser (Trace 30) . Results are shown as mean ± SD values of LDH activity (U l −1 ).
Determination of apoptosis/necrosis by flow cytometry
A549 epithelial cells grown in 12-well plates were exposed to various concentrations of CSE for 4 and 24 h (in triplicate). After the incubation, 12-well plates were put on ice. Cell culture medium was centrifuged at 400 g for 5 min at 4 • C. Supernatants were discarded, and cell pellets were joined with the rest of the cells from 12-well plates (detached with the use of trypsin). The centrifugation step was repeated, supernatants were discarded and the resulting cell pellets were resuspended in serum-free RPMI medium so that a final concentration of about 10 6 cells ml −1 was obtained. Samples were incubated for 10 min in the dark at room temperature with Alexa A minimum of 10,000 cells were analysed per sample. Data were analysed using CXP Analysis 2.1 software (Beckman Coulter).
Determination of malondialdehyde concentration
Cells were grown in six-well plates and treated with CSE for 4 and 24 h (in triplicate). After the treatment, cells were trypsinized, resuspended in phosphate-buffered saline (PBS) and lysed by sonication on ice.
Cell lysates were centrifuged at 13,400 g for 20 min at 4 • C. Protein concentration was measured using a Quant-iT Protein Assay Kit (Invitrogen) and Qubit Fluorometer (Invitrogen). Concentration of malondialdehyde (MDA) was determined using a thiobarbituric acid assay (Drury, Nycyk, & Cooke, 1997) , while high performance liquid chromatography (HPLC) conditions were the same as described by Žlender et al. (2009) . Concentrations of MDA were expressed as mol g −1 of total proteins.
Concentration of total thiol groups
Cell lysates were prepared in the same way as for MDA determination.
Levels of reduced thiols were measured spectrophotometrically using 5,5 ′ -dithiobis-2-nitrobenzoic acid (DTNB) reagent, as previously described (Hu, 1994) with minor modifications. Briefly, cell lysates (100 l) were mixed with Tris-EDTA buffer (0.25 M Tris-HCl, pH 8.2 containing 20 mM EDTA; 150 l), DTNB reagent (10 mM; dissolved in absolute methanol; 10 l) and absolute methanol (740 l), and incubated at room temperature for 20 min. Afterwards, samples were centrifuged at 3000 g for 10 min at room temperature. Reduced thiol groups were measured in supernatants at 412 nm (Cecil Aquarius CE 7200, Cecil Instruments Ltd). Concentrations of total reduced thiols were expressed as mol g −1 of total proteins.
Western blotting
A549 epithelial cells grown in six-well plates were exposed to various concentrations of CSE (1.25, 2.5, 5, 10 and 20%) for certain time periods (4, 6, 8, 24 and 48 h for HSPs; and 4 and 24 h for MAPKs) in three independent replicates. After the incubation, six-well plates were placed on ice. Cell culture medium was removed and A549 epithelial cells were washed twice with cold PBS. Whole cell lysates were prepared as previously described (Rumora, Barišić, Maysinger, & Žanić Grubišić, 2003) . 
Statistical analysis
Data analysis was performed using the statistical software SigmaStat for Windows Version 3.00 (Systat Software, Inc., San Jose, CA, USA).
Data were presented as mean ± SD. The difference between the groups was tested using the Kruskal-Wallis one-way ANOVA on ranks. Data were considered statistically significant when P < 0.05.
RESULTS
MTT, LDH and flow cytometry analyses were used for determination of cytotoxicity of CSE on A549 epithelial cells. After 24 h, the F I G U R E 1 MTT assay (a) and LDH catalytic activity in cell culture medium (b) of A549 epithelial cells exposed to various concentrations of CSE (1.25, 2.5, 5, 10 and 20%) for 24 h. Results are expressed as mean ± SD (n = 6 for MTT; n = 3 for LDH). The difference between the groups was tested using Kruskal-Wallis one-way ANOVA on ranks. **P < 0.01, ***P < 0. A close relationship between cell death and oxidative stress was reported. In order to investigate the association between A549 cell survival and redox homeostasis, we determined MDA and reduced Results are expressed as mean ± SD (n = 3). The difference between the groups was tested using the Kruskal-Wallis one-way ANOVA on ranks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated cells (0% CSE increased for all applied CSE treatments after 4 and 24 h, except for the lowest CSE (1.25%) after 24 h (Figure 3 ). In addition, concentrations of reduced thiol groups were significantly decreased by 2.5%, 5%, 10%
and 20% CSE at 4 and 24 h (Figure 4 ). In general, these results indicate oxidative damage to cellular components under the influence of CS.
Changes in expression of HSP70, HSP32 and HSP27 in A549 cells exposed to various concentrations of CSE were examined by western blotting ( Figure 5 ). After a 4 h incubation with CSE, there were no changes in HSP expression (Figure 5a ). After a 6 h incubation, both HSP70 and HSP32 were induced with higher concentrations of CSE (5%, 10% and 20%) (Figure 5b ), while all examined HSPs were up-regulated after an 8 h treatment with higher concentrations of CSE (Figure 5c ), and remained increased up to 48 h (Figure 5d and e).
We also determined the expression and activation of ERK, p38
and JNK in lysates of A549 cells by western blotting (Figure 6 ). CSE 10%
CSE 20%
F I G U R E 3 MDA concentration in lysates of A549 epithelial cells exposed to various concentrations of CSE (1.25, 2.5, 5, 10 and 20%) for 4 and 24 h. Results are expressed as mean ± SD (n = 3). The difference between the groups was tested using the Kruskal-Wallis one-way ANOVA on ranks. *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated cells (0% CSE we showed an increase in ERK activation (also in combination with CSE) and increase in HSP32 expression only when combined with Results are expressed as mean ± SD (n = 3). The difference between the groups was tested using the Kruskal-Wallis one-way ANOVA on ranks. *P < 0.05, **P < 0.01, ***P ≤ 0.001 vs. untreated cells (0% CSE). # P ≤ 0.001 vs. 20% CSE. ## P < 0.001 vs. GSH. CSE, cigarette smoke extract; GSH, glutathione CSE (Figure 8d,f) . Despite the use of p38 inhibitor, activation of p38 increased when cells were co-treated with CSE ( Figure 8e ).
DISCUSSION
The main risk factor for COPD is cigarette smoking. Inhalation of cigarette smoke causes lung inflammation and leads to parenchymal tissue destruction. In this study, we investigated the influence of CSE on A549 alveolar epithelial cell death and oxidative stress, with an emphasis on the possible involvement of HSPs and MAPK signalling pathways in those processes.
Induction of cell death by CSE
Our study showed that the number of apoptotic A549 alveolar epithelial cells was increased after a 4 h incubation with higher concentrations of CSE (5%, 10% and 20%). However, after a 24 h incubation, a significant decrease in the number of living (with 10% and 20% CSE) and apoptotic cells (1.25%, 2.5%, 5% and 20% CSE) was observed together with an increase in the number of necrotic cells (10% and 20% CSE). In addition, cell metabolic activity was reduced (MTT), and membrane integrity was disturbed (LDH) with 20% CSE at 24 h. These results confirmed that higher concentrations of CSE and longer exposure time produced considerable cell damage and directed the cells towards necrosis. This is in accordance with an earlier study demonstrating the reduced viability of A549 cells exposed to CSE as well as apoptotic cell death with concentrations of up to 5% CSE, and necrotic cell death with concentrations of CSE higher than 10% (Hoshino et al., 2001) . Wickenden et al. (2003) Yamada et al., 2016) showed that CS provoked apoptotic cell death in A549 cells. An increase in CS-induced apoptosis was related to the impairment of nuclear factor erythroid 2-related factor (Nrf2), suggesting that an inappropriate antioxidant response and excessive apoptosis could result in lung tissue destruction and emphysema (Yamada et al., 2016) . Considering our data, we can speculate that long-term exposure to CS could cause necrotic rather than apoptotic cell death, leading to alveolar structure loss in patients with chronic lung diseases related to smoking.
Induction of oxidative stress by CSE
Interplay between oxidative stress and cell death is observed under various treatment conditions, including CS. However, some inconsistencies in results were reported, probably as a consequence of different experimental design depending on cell type, CSE concentration and time of exposure. Also, lack of standardization of CSE preparation is likely to contribute significantly to the variations of the results.
Oxidative stress is present when redox homeostasis is disturbed, leading to oxidative modification of macromolecules within a cell. In the present study, total reduced thiol groups were determined, and we found that CSE significantly lowered total thiols at 4 and 24 h. This is in accordance with the results of van der Toorn et al. ( , 2009 ).
Reduction in total thiols was also observed in fibroblasts and sera of smokers (Colombo et al., 2012; Frei, Forte, Ames, & Cross, 1991) . We suggest that a decrease in total thiols detected in A549 cells after CSE treatment might reflect oxidative protein damage, which could lead to significant changes in cellular metabolism. Furthermore, MDA is a well-known marker of lipid peroxidation. We showed that MDA concentrations were increased after 4 and 24 h of CSE treatment. This 
Induction of HSPs by CSE
Various stressful conditions may induce serious damage to protein structures, thus threatening cell survival, which depends on the appropriate level of induction of HSP chaperones (Srivastava, 2008) . In our earlier study we showed that CS induces accumulation of damaged proteins and their ineffective degradation due to an inhibition of the proteasome (Somborac-Bačura et al., 2013) . In this study, we found an increase in expression of HSP70 and HSP32 after the incubation of A549 cells with CSE for 6 h, while levels of HSP70, HSP32 and HSP27 were up-regulated at 8 h and remained elevated up to 48 h.
Previous studies showed that CS increased the expression of HSP32
(HO-1) in SA 3T3 mouse fibroblasts (Müller & Gebel, 1994) , premonocytic U937 cell line (Favatier & Polla, 2001 ), A549 alveolar epithelial cells (Fukano, Oishi, Chibana, Numazawa, & Yoshida, 2006) , BEAS-2B bronchial epithelial cells (Lee et al., 2017; Li Y et al., 2016; Slebos et al., 2007) , pulmonary fibroblasts (Baglole, Sime, & Phipps, 2008) and human bronchial smooth muscle cells (Jeong et al., 2012) .
Moreover, the induction of HO-1 was associated with the formation of hydroxyl radicals that lowered the concentration of GSH in the cells (Baglole et al., 2008; Müller & Gebel, 1994) . The signalling pathway that was shown to induce HO-1 involved AP-1 proteins, cFos and c-Jun (Baglole et al., 2008) . Transfection of BEAS-2B bronchial epithelial cells with adenovirus construct containing HO-1 cDNA prevented cell death by increasing ATP levels .
Recently, it was shown that pretreating cells with neutrophil elastase suppressed the CSE-induced expression of HO-1 by cleaving sirtuin 1, indicating the importance of cross-talk between oxidative stress and proteases in the pathogenesis of COPD (Lee et al., 2017) . Reduced HO-1 expression was found in alveolar macrophages of COPD patients compared to healthy smokers (Maestrelli et al., 2003) ; the authors suggested that patients with severe COPD had a reduced defence against oxidative stress as a consequence of the disease. Slebos et al. (2004) demonstrated that HO-1 expression was lower in alveolar macrophages from the bronchoalveolar fluid of former smokers with COPD compared to healthy ex-smokers, and concluded that smoking did not directly affect HO-1 expression. They suggested that HO-1 is insufficiently expressed in patients, possibly due to gene polymorphisms. HO-1 inducibility is associated with the presence of a microsatellite polymorphism (repetition of GT dinucleotides) in the promoter region of the HO-1 gene, which was shown to reduce expression of HO-1, and thus affects the susceptibility of an individual to developing emphysema (Yamada et al., 2000) . However, our group
showed there was no correlation of HO-1 polymorphism with COPD in the Croatian population (Matokanović et al., 2012) . In the same study,
we found a correlation of HSP70-2 (+1267 A/G) gene polymorphism and COPD (the frequency of G allele and GG genotype was higher in patients with COPD than in healthy subjects).
HSP70 and HSP27 have multiple functions: they act as molecular chaperones, antiapoptotic and antioxidative proteins. It seems that specific cysteine residues in HSP70 (Miyata et al., 2012) and a single cysteine residue in HSP27 (Pasupuleti, Gangadhariah, Padmanabha, Santhoshkumar, & Nagaraj, 2010) might be responsible for their redox
sensing. An antioxidative role of HSP27 is also emphasized by its protective effects toward glutathione (Arrigo, 2007) . In this study, we found a decrease in reduced thiol groups after CSE treatments.
Therefore, although the levels of HSP70 and HSP27 were elevated, it is possible that their antiapoptotic and antioxidative functions might be compromised by the oxidation of critical cysteine residues.
Previous HSP70 expression analyses in cells exposed to CS showed contradictory results. Reduced expression of HSP70 in bronchial smooth muscle cells treated with CSE and circulating lymphocytes of COPD patients in comparison with healthy smokers was observed (Zhao, Xie, Xu, Zhang, & Zhang, 2005) . Contrary to these results, it was demonstrated that CSE induced HSP70 expression in pulmonary fibroblasts that was time and concentration dependent, and led to the release of IL-8 into the culture medium (Li, Ning, Matthay, Feghali-Bostwick, & Choi, 2007) . Signalling pathways that were shown to induce HSP70 included ERK and transcriptional factor early growth response-1. In our previous work, we found reduced expression of HSP70 and HSP27 in leukocytes of COPD patients (smokers and former smokers) compared to non-smokers with COPD, and in healthy smokers compared to healthy former smokers and non-smokers (Rumora et al., 2008b) , which might reflect their increased release from the cell. Indeed, Hacker et al. (2009) described an elevated level of the same proteins (HSP70 and HSP27) in sera of patients with COPD. Another study showed that increased expression of HSP70 was related to the severity of COPD and smoking status (Dong et al., 2013) . 
Activation of MAPKs by CSE
Cell death of structural lung cells in response to cigarette smoke may be associated with the damage caused by oxidative stress or an intracellular stress response (endoplasmic reticulum stress or activation of MAPKs) (Morissette, Parent, & Milot, 2009; Tuder & Petrache, 2012) .
Activation of MAPK signalling pathways may lead to cell proliferation, differentiation, death or inflammatory response, depending on the type of external stimulus (Roux & Blenis, 2004) . In this study, we
showed that the exposure of A549 cells to CSE differently activates
MAPKs, but does not affect the level of expression of the total ERK, JNK and p38, regardless of the concentration and/or exposure time.
Incubation of A549 cells with CSE resulted in an increase in ERK and p38 activation, and JNK activation could not be detected either in unstimulated cells or in cells exposed to CSE. Previous studies showed different cell responses to CS exposure. Dose-dependent activation of ERK1/2 was found in normal bronchial epithelial (NHBE) cells treated with CS condensate (Hellermann, Nagy, Kong, Lockey, & Mohapatra, 2002 ). In the same study, it was shown that inhibition of mitogenactivated protein kinase kinase reduces phosphorylation of ERK1/2 and expression of IL-1 induced by CS condensate. Luppi et al. (2005) demonstrated that CS condensate at low concentrations activates ERK1/2 in the bronchial epithelial cell line NCI-H292, while at higher concentrations activates pro-apoptotic kinases p38 and JNK. Research on human umbilical vein endothelial cells (HUVECs) showed that CSE induced injury of cells by activating the JNK signalling pathway (Hoshino et al., 2005 ). Furthermore, an increased level of activated p38 was observed in pulmonary fibroblasts exposed to CSE (Kim et al., 2011) . Lin et al. (2014) showed that CSE-induced apoptosis in BEAS-2B cells was regulated by the ASK-1/p38 signalling cascade. Another study on BEAS-2B cells showed that CSE-induced upregulation of inflammatory cytokines was dependent on the ERK/p38 signalling pathway (Li D et al., 2016) . In contrast to these studies, Li, Xu, and Shen (2007) Induction of apoptosis through the activation of FasL-p38/JNKJun signalling pathway in lungs of smoking rats was demonstrated (Kuo et al., 2005; Wu, Lin, Yan, Wu, & Wang, 2006) . Studies on different mice strains showed that the use of a specific p38 MAPK inhibitor could reduce the inflammatory response in lungs caused by CS exposure, leading to the possibility of using p38 inhibitors for therapeutic purposes in COPD (Marumo et al., 2014; Medicherla et al., 2008 (Charron et al., 2017) . Based on the available data, we might suggest that CS in lower concentrations activates ERK1/2, thus causing hyperplasia and metaplasia of epithelial cells in smokers. At higher concentrations and in chronic exposure, CS probably activates p38, thus leading to an inflammatory response, increased cell death and destruction of lung structures, which could be attenuated with the use of p38 MAPK inhibitors in patients with smoking-related diseases.
Mechanism of CSE-induced cytotoxicity and oxidative damage
In order to address the mechanism of CSE-induced cytotoxicity in showing that CSE is a potent oxidant that may deplete cellular antioxidant capacity. Different stressful conditions are known to deplete free cellular HSP70 by accumulated abnormal proteins, leading to the activation of stress kinases (Rumora et al., 2008b) . On the other hand, MAPKs (ERK and JNK) may supress the transcriptional activity of heat shock transcription factor HSF-1 (Rumora et al., 2008b) . This is the first study on the A549 epithelial cell line showing that individual inhibition of HSPs or MAPKs (ERK and p38) mutually upregulated one another under the exposure of cells to CSE. These results suggest that both HSPs and MAPK signalling pathways are involved in smoking-related disorders.
Conclusion
In this study, we detected induced HSP70 and HSP27 expression in A549 alveolar epithelial cells after a 6 h treatment with CSE and upregulated levels of HSP70, HSP32 and HSP27 after 8 h that remained increased up to 48 h. However, we found a decrease in the level of total reduced thiol groups, which might affect HSPs' cytoprotective and antioxidative functions, leading to cell death and oxidative stress.
Indeed, we showed that a 4 h exposure of A549 cells to high concentrations of CSE led to apoptosis, while necrosis was a more likely type of cell death after 24 h. We also found elevated concentrations of MDA after CSE treatment. 
